Abstract --This paper investigates the design of alternative permanent magnet linear machines for use as the generator in a free piston engine. All of the machines are of a modulated pole structure with three dimensional flux flows. In transverse flux machines such as these, the current flows in a different plane to the flux path, eliminating the usual conflict between electric and magnetic loading. For a linear machine, the mass of magnets used is sensitive to whether the magnets are mounted on the stator or translator. Hence this paper compares transverse flux machines with translator mounted magnets and flux switching machines with stator mounted magnets. A three dimensional finite element analysis of each topology is run through an optimization routine in order to investigate the magnet usage, power factor and other performance criteria. It is concluded that flux switching machine is uncompetitive due to the 65% flux leakage even with improved tooth structure, moreover the transverse flux machine is shown to perform better overall, giving a better power factor, better efficiency and lower translator mass as a whole flux switching machine is not match for free piston engine applications.
I. INTRODUCTION
ROM an electromagnetic perspective, linear machines operate in an identical manner to their rotary counterpart. All electrical machine topologies can therefore be built in a linear form. From a mechanical perspective, however, when designing a linear machine the amplitude of oscillation is important. To achieve a constant active area over a full stroke length sets the relative length of the stator and translator components. One of these components can never be 100% utilized. For example, a linear machine with a peak to peak amplitude equal to the length of the stator must have a translator of twice this length to maintain the active area throughout the stroke. For a permanent magnet machine, topologies where the magnets are mounted on the translator can only ever achieve 50% utilization in this scenario. In a rotary machine, however, the rotor is fully enclosed within the stator at all times, and so amplitude is of no concern and both components are 100% utilized. Whether the magnets are translator or stator mounted is thus more important in linear machines than for rotary machines. Topologies which are considered to give poor performance in rotary machines may yet prove useful in linear applications.
This paper considers two topologies of modulated pole permanent magnet machine which are generally considered to give good torque per unit magnet mass -the transverse flux machine and a novel configuration of the flux switching machine.
The stator coil of both topologies produces a multi-pole field by modulating the field via a set of offset iron teeth, hence the term modulated pole machine (MPM) [1] . This method of modulation means that every pole sees the entire coil magneto motive force (MMF). As the pole number rises, the stator tooth and rotor pole pitch falls, but the coil cross section remains unaltered. The electric loading expressed per unit of airgap length hence increases with pole number. The magnetic loading, driven by the remanence of PMs, remains constant. As the torque is the product of volume, magnetic loading and electric loading, a high pole number leads directly to a high torque density within a given volume. This is not the case in a conventionally wound machine, where torque is independent of pole number, as a higher pole number results in a smaller coil and hence lower electric loading, or MMF.
Whilst a large torque density is possible with high pole numbers, perhaps exceeding 10Nm/kg, the high pole number results in a high electrical frequency. For this reason the MPM is generally considered well suited to torque dense, low speed applications. Force is derived from the interaction of the modulated field with permanent magnets. In a transverse flux machine, the magnets are mounted on the translator, whereas a flux switching machine has them mounted on the stator.
Both these machines have fully three dimensional flux paths which can only be analyzed using three dimensional finite element analyses. The bulk of this paper reports on numerical optimization results of three dimensional simulations of the two competing machines for the specification of a free piston engine.
II. BASIS OF COMPARISON

A. The Free Piston Engine
A free piston engine is an internal combustion engine where the reciprocating linear motion of the piston is coupled directly to a linear electrical machine. All rotary components, such as the crankshaft and connecting rods, are eliminated from the machine and it is hoped this has the potential to produce low mass, high efficiency generation devices. A number of alternative linear machines have been investigated for this application, including tubular permanent magnet [2, 3] and transverse flux [4] . The 3.8 kW free piston engine presented in [5] is used to derive a specification upon which the machine topologies considered here can be 
B. Optimization Routine
The optimization is carried out using commercially available 3D finite element analysis software MagNet with inbuilt optimization routine. The software has advanced and efficient algorithms to find optimal values for different design variables within the constraints specified. A transient solver was used on each permutation of topology over a single electric cycle moving at a constant linear speed of 2.54m/s.
Simulations were repeated with two objective functions: minimizing electric loading and minimizing magnetic mass.
The single objective optimization tends to make machines which are compliant but high in stator mass. Optimized designs produced by the software can then be manually tuned to give a more sensible overall design.
In this work, it is assumed the active length is equal to peak to peak oscillation amplitude.
III. THE TRANSVERSE FLUX MACHINE
A. Machine Topology
The Transverse Flux Machine (TFM) is often proposed for torque dense applications such as that required for electric vehicles [6, 7] . In a linear form it has been studied for wave energy [8] and the free piston engine [9, 10] . The flux path is three dimensional, precluding the use of a simple laminated structure. Rotary topologies have been presented which use soft magnetic composites [10] , laminations [11] , or a combination [1] . The advantage of having no competition between space requirements of flux carrying teeth and space occupied by windings is well documented in the literature [12] . (1), radially across the air gap and into the stator tooth (2) . In the stator core back, flux travel is axial and circumferential around the outer edge of the coil (3) to align with the next translator pole piece. The path is completed by radially returning down a stator tooth (4), across the air gap into the translator pole piece. Flux in the translator pole piece and the stator piece is three dimensional, so it is here assumed that the entire structure is made of soft magnetic composite. All the components can be pressed directly making a tubular structure easy to assemble.
Linear versions of the TFM have received attention for some years, usually with a flat cross section and inherent 50% magnet usage, e.g. [4] where a peak force of 1.5kN has been reported by an estimated 10kg of translator mass. Magnet utilization and translator mass is improved more recently with static optimization of a single phase flat version of this design with a peak force of 700N using 13A/mm 2 modulated through square teeth and a machine mass of 8.38kg being reported [12] .
Authors there developed their own algorithms to drive a reduced reliance on FEA software -recent developments in available software and computing power effectively mean users no longer need to develop their own such methods.
It has been shown elsewhere that the shape and angular sweep of the stator teeth can have a major effect on torque ripple and back EMF profile [13] . In the present study, two alternative tooth shapes are compared: rectangular tooth and the trapezoidal tooth. As shown in Fig. 2 , the trapezoidal tooth introduces an additional variable, root thickness.
Rectangular tooth Trapezoidal tooth In rotating machines, electric frequency is the product of pole number and mechanical frequency. In linear machines, frequency is a function of oscillation amplitude and mechanical frequency. Fixing the number of poles means comparing machines of the same electrical frequency.
For a fixed active length of 152.4mm, translator diameter of 80mm and an air gap of 1mm, the variation in force capability with pole number of an initial TFM machine design is shown in Fig. 3 . Force is seen to increase linearly at low pole numbers, but leakage between teeth dilutes the effect at high pole numbers. For this active length, five pole pairs is shown to be beyond the linear region, but below the constant force region where leakage completely offsets the improvements associated with pole number increase. Five pole pairs are used in the constant active length part of this paper 
B. Optimization Constraints and Results
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Fig. 4 TFM dimensions definition
The parameters for the TFM are defined in Fig. 4 and optimized design results are given in TABLE II, with detailed parameter values given in TABLE IV. Design (a) corresponds to minimizing electric loading and design (b) to minimizing magnet mass. Both are compliant with the specification, and the designer has a straight choice between a low magnet mass 88% efficient design with power factor of just 0.17 (b), or a more sensible 96% efficient machine with power factor 0.67 using 85% more magnet (a). In this instance, optimizing for minimum electric loading gives a better looking design. Repeating the optimization for trapezoidal teeth, TABLE II shows the modified tooth can give only a slight increase in efficiency and improvement in the power factor to 0.7 for the low electric loading design (design c). The total mass of magnet in this design is 2.24kg. The low magnet mass trapezoidal machine (design d) shows a similar minor improvement in performance, but is still dogged by a power factor of 0.2. In practical situations, this is likely to exclude it from being taken forward. Design (c) is hence selected as the baseline machine design against which improvements can be measured. In this scenario, the amplitude of oscillation is equal to the active length of the stator, and so at any one time only 50% of the magnets are being utilized. Focusing on the low electric loading design, in order to improve magnet utilization a topology where the magnets are moved to the translator is next considered and compared to design (c). [14] and linear transportation [15, 16] . They are particularly attractive in applications where the stroke is long, as the moving translator consists of a pure iron structure [17] . Other authors have considered topologies where the current moves perpendicular to the physical motion, in both flat [18] and tubular configurations [19] .
IV. THE FLUX SWITCHING MACHINE
A. Machine Topology
In all reported configurations, the coil slot width and magnet height share the same orientation and together make up the stator pole pitch. There is hence a play off between the magnetic and electric loading. The topology proposed here has the current flowing parallel to the direction of motion and hence imitates the three dimensional flux path of the transverse flux machine where there is no competition between space requirements of flux carrying component and armature windings. The stator mounted magnets are radially magnetized and the flux path is modulated by the interaction of a set of offset translator teeth and straight stator teeth.
Main flux path
Leakage paths The two flux paths, corresponding to the translator teeth aligning with alternate stator teeth, are shown in Fig. 6 . The flux is gathered circumferentially on the upper and lower surfaces of the magnet, before being channeled radially down stator teeth. There is an inherent leakage path circumferentially across adjacent teeth -also shown in Fig. 6 . The topology was first previously introduced by the authors [20] and is effectively a linear version of the Flux Switching Modulated Pole Machine which was shown in [21] to offer a lower component count and simplified rotor at the expense of an 18% reduction in rated torque per unit magnet mass.
B. Optimization Constraints and Results
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The parameters for the FSM are defined in Fig. 7 . It was found that no rectangular tooth design was compliant with all aspects of the specification. Previous work by the authors found reducing the air gap length from 1 mm to 0.5 mm is one way of overcoming this problem [20] . As this limit is set by anticipated tolerances, this reduction is unlikely to be acceptable outside of the laboratory. If, however, the 6kg mass constraint on the translator is lifted, the routine for optimizing for minimal magnet mass could produce a design that was able to meet the remaining specification. The translator mass constraint is a performance variable for the thermodynamic behavior of the free piston engine and not a fixed constraint. Increased translator mass adversely affects the engine frequency and hence output power and engine power density [4] . The system will likely still operate, however. The FSM designs corresponding to the two optimization criteria are shown in TABLE III. Other design parameters are given in TABLE IV. The minimum magnet mass design (f) resulted in a machine with a high MMF and low power factor (0.29). The efficiency of 92% was encouraging but the magnet mass of 3.1kg implied that the advantage of having the magnets on the stator was offset by the leakage in this machine. Further, the translator mass to achieve this was 22kg.
Performance is primarily being limited by the leakage flux, which is shown over an electric cycle in Fig. 8 for topology F. The graphs show flux linking a single phase coil, plus leakage flux, calculated as linkage cutting dummy coils inserted on each leakage path. In the direct axis position, 0mm, 26% of the magnet driven flux is following the main flux path and 74% is split between the two leakage paths. Optimization of the trapezoidal tooth version of the FSM, gives an improved design with 35% of magnet driven flux following the main path and 65% split between the two leakage paths. Changing the tooth to a trapezoidal profile therefore has a remarkable effect on leakage and performance, much more so than for the TFM. Even so, FSM designs using trapezoidal teeth were still unable to produce machines of sufficiently high force until the translator mass constraint was removed. TABLE III shows the trapezoidal tooth FSM results with no translator mass constraint for an objective function of minimum magnet mass (design h) and minimum electric loading (design g). Other mechanical parameters are given in TABLE IV.
The minimum magnet mass design (h) has 2.53kg of magnet -as compared to 2.24kg in the baseline TFM design The summarized results of all machines with trapezoidal teeth are shown in Fig. 9 . Against the initial specification, where active length is equal to peak to peak oscillation amplitude, the FSM cannot save magnet mass compared to either of the TFM designs. The FSM with the lowest magnet mass performs poorly in all other metrics. The 'best' all round design (c) is that with the second lowest magnet mass and is the TFM optimized for low electric loading -as this allows for a high power factor and a good efficiency. In reality, if power factor is a concern then this low loaded TFM must be used -and this work shows using the objective function of minimizing electric loading is a good tool for lifting the power factor.
Design (c) was subjected to a mass reduction design stage, by reducing stator diameter and S_cb (Fig. 4) to give a final design of translator mass 5.7kg and stator mass of 8.9kg. The combined machine mass of 14.6kg for a three phase machine compares favorably with that reported in the literature eg [12] .
VI. DESIGN AND BUILD OF THE PROTOTYPE
For the future work a transverse flux machine based on this work has been designed and a laboratory prototype is being assembled. For simplification of the stator assembly, the authors decided to combine the three separate stator phases into a single component. In order to shorten the end winding, it was also decided to use single tooth windings instead of torus winding, as shown below in Fig 10. The proposed component strategy is shown in Fig 11. The translator steel is composed of soft magnetic composite (SMC) powder to allow a reciprocating three dimensional flux path with only small eddy current losses. The teeth are made of steel laminated in the axial direction to allow radial and circumferential flux flow; two different tooth profiles are connected axially through a core back component which is laminated in the radial direction to allow radial and axial flux flow. The whole assembly is mounted in a solid nonmagnetic housing. By this means the 3D flux flows path can be formed whilst minimizing the amount of SMC material used. Fig 12 shows a 3D printed stator component being used to assess alternative coil configurations. Two types of modulated pole linear electrical machine have been compared: the transverse flux and flux switching machine. Each has been optimized using commercially available software against the specification for a free piston engine. The transverse flux machine is shown to be best optimized machine for minimum electric loading for all round good performance, whereas the flux switching machine must be optimized for minimum magnet mass to be competitive.
A trapezoidal tooth shape in the direction of motion was investigated and was found to have little effect on the transverse flux machine but significantly improve the performance of the flux switching machine.
The best all round machine in terms of magnet mass, power factor, and efficiency was found to be the transverse flux machine when optimized for minimum electric loading with trapezoidal tooth structure. An alternative TFM was proposed with half the magnet mass, but leakage was found to limit performance. Due to the prohibitively large translator mass of the flux switching machine, only the transverse flux machine was fully compliant with the translator mass restriction imposed by the free piston engine. 
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